ABSTRACT. Most common defects in textile manufacturing processes include weaving errors (such as missing threads), oil spots and material inhomogeneities. In this work, we demonstrate the feasibility of using ferroelectret-based transducers for the inspection of woven material. A linear array of 32 elements was built for this purpose following an easy fabrication procedure recently proposed. Electronic focusing at the textile sample position allowed us to detect weaving errors and oil spots of up to ∼1 mm of width in through transmission mode, at normal incidence and with a good signal-to-noise ratio.
INTRODUCTION
Ultrasound is widely used for detecting defects in many manufacturing processes of industrial components and materials. Due to the high impedance mismatch between air and most of transducer and component materials, the propagation of sound waves through the air is frequently avoided by coupling the transducer and the sample with a higher impedance substance, e.g. water or a coupling gel. However, some processes do not allow a wet coupling, which raises a specific category of ultrasound applications usually named non-contact or airborne ultrasound. This is the case of the inspection of textile goods, where a ultrasound coupling substance could degrade the fabric and/or slow the manufacturing process.
Blomme et al. [1] [2] demonstrated the feasibility of using airborne ultrasound to detect defects in textile materials using commercially available PZT focused transducers. High resolution measurements are achieved at frequencies of up to 2 MHz. The inspection is accomplished in trough-transmission mode: the emitter transducer generates a sound beam that passes through the textile sample, located at the focus distance, and a second transducer facing the sample receives the acoustic signal. Because sound attenuation depends on material properties, this arrangement allows detecting defective zones. A single pair of transducers is used and mechanical movement along two axes is needed in order to scan the whole area of interest.
Chien et al. [3] developed a real-time on-loom textile inspection system, with two arrays of four discrete transducers each, also in a through-transmission configuration. At a pulse repetition rate of 2 kHz, the emitter transducers are simultaneously excited and 4 values of attenuation are obtained using the receiving array at each position. As the array length does not cover the whole fabric length, mechanical movement is also needed in both pick and warp directions.
The main issue with non-contact ultrasound is the great impedance mismatch between most common transducers materials (PZTs, PVDF, etc) and air. In the last years, important advances have been made in order to achieve a good adaptation to air by designing one-quarter wavelength matching layers. Also, the appearance of new piezoelectric polymers has opened up new possibilities for transducer developments and applications. This is the case of the novel cellular ferroelectret materials, which are an alternative for the current demand to develop airborne ultrasonic transducers that satisfy the trade-off among directivity, bandwidth, sensitivity, and cost [4] . Their principal characteristics are low cost, a low acoustic impedance (≈0.03 Mrayls), and a wide usable frequency range of operation (from a few kilohertz up to 2 MHz), which can be optimized by controlled inflation methods [5] . Furthermore, ferroelectrets are easy to use and exhibit a high mechanical flexibility, which allows for designing customizable directivity devices fabricated on substrates of complex-developable surface [6] .
Up to the knowledge of the authors, using an airborne ferroelectret-based phased array has not been yet proposed for the inspection of textile material. The most important advantages of this approach are that lateral resolution can be greatly increased by electronic focusing in emission and reception, and focal distance can be electronically changed depending on the distance between the array and the fabric sample. Besides, if the array aperture is large enough, mechanical raster scan along the pick direction can be substituted by electronic scanning, which can be performed at high speed, without moving parts and with a high spatial resolution.
Recently, new array transducers based on ferroelectrets have been introduced, which exploit the special transducer properties of these materials. Metzger et al. propose the use of the ferroelectret films to monitor shelf stocks by weight sensing of goods [8] . Degel et al. [9] built a linear array of 32 elements and 0.5 mm pitch for airborne ultrasound showing preliminary characterization results. Ealo et al. [10] proposed a novel fabrication process to build ferroelectretbased array transducers. In this work, a permanently polarized cellular film is used, and the array elements are structured in a standard PCB, avoiding the discretization of the film into array elements. This method has proven to be easy, reliable and very low cost.
In this work, we demonstrate the feasibility of using a ferroelectret-based phased array for the inspection of woven textiles. First, an introduction about the ferroelectret material characteristics and the array construction method is presented. Subsequently, the experimental setup is explained and the acoustic beam properties are evaluated by numeric simulation. Finally, experimental results are shown and analyzed.
Cellular Ferroelectrets: The Emfit Film.
Polymer materials, from several years ago, have been used to fabricate acoustic transducers. Teflon (FEP) and piezoelectric polyvinylidene fluoride (PVDF) are the most important ones. Recently, cellular electret polymers have generated a great interest due to their good storing charge capabilities and mechanical flexibility. The electromechanical film Emfit™ (Emfit Ltd, Vaajakoski, Finland) is among this new type of materials. Basically, this low-cost thin film is a micro-porous polypropylene foam with high resistivity and permanent charge after being polarized by a corona discharge, among other poling methods. The resultant inner air voids act as dipoles which make it particularly sensitive to forces normal to its surface [4] . When excited by an external voltage, the Emfit film can be used as an actuator operating in thickness mode. Sensor mode of operation is reciprocal to the actuator one. Its very low Young's modulus results in a very low acoustic impedance so that good adaptation to air is achieved. In view of this, cellular ferroelectrets have been used to build up acoustic transducers such as loudspeakers and microphones. Also physiological sensors, keyboards, position force sensors, etc [6] has been fabricated. Moreover, the measured resonance frequency of the film at 300 kHz and the wide usable frequency range of operation (from 30-300 kHz) make it well suited to work as airborne ultrasonic transducer in applications such as range measurements, local positioning systems, robot navigation, echolocalization, ultrasonic imaging, etc.
Array Prototype Construction
Following the procedure presented in [10] , a sheet of commercial Emfit film is cut to a single rectangular piece with the size of the intended array full aperture. The individual element lower electrodes are structured with copper pads on a printed circuit board. To complete the array, the nonmetalized side of the Emfit film piece is stuck on the PCB electrode's deployment, using a throughthickness conductive adhesive tape (ZCPT). See Figure 1 . Finally, the metalized face (top side) of the Emfit is used as a common upper electrode, which is connected along the whole length of the ground pad using a conductive cooper tape. For the present work, we have fabricated a 32-elements array with an active aperture of 114 mm wide and 34.3 mm of height, a pitch of 3.56 mm and an inter-element gap of 1 mm.
The major advantage of this procedure lies in the way the full aperture is obtained because the discretization in active elements and its mechanical fixation are accomplished in one step, by gluing with ZCPT. Also, the end user is neither required to cut the individual elements to size and shape nor structure the electrodes on a non-polarized cellular polymer film, as in other approaches. Due to a combination of the conductive properties of the adhesive, only in the axial direction (Z), and the low deformation of the Emfit material in the lateral direction (X), a very high electrical and mechanical isolation is achieved between electrodes, resulting in low crosstalk. The fabrication method permits a very precise control on the shape of the array lower electrodes in an easy and inexpensive way. This also opens up the possibility of fabricating non-uniform arrays and consequently validating their design methods, which is a current research interest. Furthermore, the process can also be employed for array transducers built on any developable surface using, in this case, flexible printed circuit boards. Figure 2 shows a block diagram of the experimental apparatus we have used in this work. The setup mainly consists of three subsystems, namely, the array excitation equipment, the controlled motion units and the measurement devices. To form the beam, a commercial phased-array system was used (SITAU-LF 32:128, Dasel SL, Madrid, Spain). This allowed us to operate array X Y Z prototypes of up to 128 elements with a maximum number of 32 active channels. Furthermore, the SITAU system makes it possible to use square excitation signals of −100 Vp in programmable length bursts in the frequency range of 30 kHz to 20 MHz. In reception mode, the same bandwidth is available with a configurable gain of up to 60 dB. The system allows acquisition and storage of pulse-echo signals at each one of the array transducer elements.
MATERIALS AND METHODS

Experimental Setup
Two mechanical displacement units allow us to move the fabric sample in both X and Y directions, with a resolution of 2 μm. The receiving stage consists of a unit gain buffer, a low noise 40 dB pre-amplifier (5660C, Panametrics, Waltham, MA), and a digital oscilloscope (TDS2014, Textronix, Beaverton, OR ) to acquire the signal. A standard PC was used to control the whole setup and to generate the resultant images.
Inspection method is through-transmission: The emitter array generates a focused sound beam that propagates in the Z direction, and after passing through the fabric sample, it is received by a single element square transducer of 20 mm side (see right panel of figure 2 ). Because sound attenuation depends on the sample properties, the received signal amplitude can be used either to detect defects or to measure material parameters. Distances from the array to the sample and from the sample to the receiver were set to 51 mm and 59 mm, respectively. 
Textile Sample
In this work, we have inspected a sample of woven fabric with 17.5 mg/cm 2 density, and a warp separation of approximately 0.66 mm in the X direction. Two different kinds of defects have been simulated, namely, weaving errors, created by removing several warp yarns along the Y direction, and machine oil and grease stains. Figure 3 summarizes the defects included in the fabric sample.
Signal Processing
The ultrasonic beamforming was accomplished perpendicular to the array plane, focusing at 51 mm in the Z direction, i.e. at the sample location. Each array element was excited with a -100 V square burst of 6 cycles at 300 kHz, which correspond to the resonance frequency of the ferroelectret film. The SYNC output signal of SITAU was connected to the input trigger of the oscilloscope to synchronize both equipments.
At each inspected point, 4 signals were acquired, and averaged, using a sampling frequency of 2.5 MS/s. Considering the wide frequency range of operation of the Emfit material and in order to further increase the signal to noise ratio, a band-pass filter around the operation frequency (300 kHz) was applied. Finally, peak-to-peak values were obtained to generate a C-SCAN image of the area examined.
BEAM SIMULATION
To obtain the best lateral resolution, the emission focus was placed at the sample position on the Z axis. Acoustic field simulations were conducted aiming to determine the beam characteristics and quantify the lateral resolution available.
The upper panel in Figure 4 shows the emitted acoustic field on the XZ plane. The beam width at the focus is 1 mm (-6 dB amplitude drop), which provides a similar lateral resolution in the X direction. Depth of focus was measured to be 4 mm. Both figures are consistent with the theoretically expected values, due to the wide aperture (114 mm) and the short focal distance (51 mm). Thus, the fabric positioning must be accurate enough within this narrow range to obtain the expected lateral resolution, as it is shown in the next section. The bottom panel of Figure 4 shows the emitted field on the XY plane, at the fabric (and focus) position. An estimated height of the focus of 32 mm is observed in the Y direction. Consequently, resolution in this direction is very poor compared with that in the X direction (1 mm). However, this can be improved using a concave array whose natural focus coincides with the electronic focal point at the plane of the sample. The mechanical flexibility of ferroelectrets allows to fabricate array transducers on any developable surface substrate, using a flexible PCB to structure the elements. Because the inter-element pitch of the array is of 3.56 mm (greater than λ/2), grating lobes are present in the acoustic field, as shown in both images of Figure 4 .
The received signal amplitude depends on the acoustic directivity pattern of the reception transducer. Figure 5 shows the combined acoustic field (emission and reception) on a XY plane at the sample location. Emission grating lobes are reduced down to -20 dB due to the low sensitivity of the receiver in grating lobe directions. Resultant lateral resolutions are 0.9 mm and 19.4 mm in X and Y directions, respectively. Figure 6 (left) shows the results for the 13 consecutive missing threads and the vaseline stain. Two scans along the X direction were performed at fixed positions in the Y direction separated 30 mm. Fabric density decrement in the zone of the missing warp yarns results in a higher level of transmitted energy. An amplitude change of 10 dB with respect to the non-defective zone is clearly observed. On the other hand, the Vaseline stain reduces the transmitted acoustic energy, producing an 8 dB amplitude drop in the received signal.
EXPERIMENTAL RESULTS
Right panel of Figure 6 shows the results for the machine oil stain. The received signal amplitude was 3 dB higher than that obtained in the clean zone. As seen on the top picture, these kinds of defects can be difficult to detect by means of camera vision systems, due to the low contrast between the stain and the clean fabric. Figure 7 shows the results for the case of 4 missing threads. When they are consecutive (left panel), the amplitude difference with respect to a non-defective zone is 8 dB. On the right panel, the results for the non-consecutive missing threads can be seen. In this case the amplitude difference is 6 dB for the two consecutive missing threads, and 3 dB for a single thread.
Results are summarized in table 1. Although the whole set of defects was detected with an amplitude variation of at least 3 dB, the lateral resolution obtained appears to be lower than that estimated by simulation. This can be attributed to a lack of parallelism between the transducers and the fabric sample, and between the defect and the beam at focus. As the inspection is performed with a F# as low as 0.4, slight deviations of the sample from the focus, drastically reduce the lateral resolution. 
CONCLUSION AND FUTURE WORK
The feasibility and potential of using a ferroelectret-based phased array for the inspection of textile material was demonstrated empirically. The implemented set up combines the easiness of use and manipulation of ferroelectrets with the strong capabilities of a phased array system. As a result, weaving errors of up to 1 mm width were detected. Also Vaseline and machine oil stains were found observable. Fabrics of up to 40 mg/cm 2 can be crossed with the current set up. However, it is possible to inspect materials of higher density and thickness by applying higher voltages to increase the acoustic output. In this sense, further research is required in order to determine the actual limits of inspection and the feasibility to, using ferroelectret, examine different materials, such as, paper, thin films, plastics, etc.
In order to increase the lateral resolution in the Y direction, a curved array is being developed on a concave substrate, using a flexible PCB for structuring the lower electrodes. By properly selecting the radius of curvature, the same resolution is expected in both X and Y directions. Also, using an array for signal reception will allow us to perform electronic scans, avoiding mechanical movement in the lateral direction.
